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Assessing earthquake effects on archaeological sites: the employment of 
photogrammetry and 3D model analysis 
 
Paolo Forlin, Riccardo Valente, Miklós Kázmér 
 
 
1. Introduction  
 
Earthquake archaeology (or archaeoseismology) is a relatively young and emerging 
discipline which aims to study past seismic disasters through evidence from the 
archaeological record (Stiros and Jones 1996; Galadini et al. 2006; Ambraseys 2006). 
The main goal of archaeoseismology is to identify evidence with the potential to shed 
new light on the occurrence and characteristics of ancient earthquakes while 
providing data to inform seismic risk assessment programmes (Sintubin and Stewart 
2008, Caputo and Helly 2008). 
Fundamentally, the discipline attempts to detect seismic effects in archaeological 
contexts. At the core of the research agenda, therefore, are the creation of typological 
catalogues of earthquake damage to archaeological sites and ancient standing 
structures (Kazmer 2015, Marco 2008). Such features, including penetrative fractures 
within standing walls, structural deformation, in situ destruction layers, evidence of 
fire, to name only a few, were recently labelled as Earthquake Archaeological Effects 
(EAEs: Rodríguez-Pascua et al. 2011). The identification of EAEs is challenging and 
not always unequivocal. As widely reported by the cited literature, when analysing 
seismic damage on archaeological sites, it is fundamental to: (i) recognise the seismic 
origin of a feature and (ii) rule out any other possible cause for such evidence (Marco 
2008:149). This means that the documentation of damage must be as accurate and 
detailed as possible. So far, archaeoseismological fieldwork has tended to document 
earthquake evidence through descriptive summaries of the identified features 
illustrated with a number of generic pictures. Evidently, an archaeological approach to 
seismic damage, e.g. making use of plans, orthophotos and profiles, is commonly not 
applied. On the other hand, field archaeology tends not to document in detail (or even 
fail to identify) seismic damage, not providing or lacking fundamental information for 
the comprehension of a site’s evolution. 
Our paper proposes an operational framework based on the application of digital 
photogrammetry and 3D analysis of seismically affected archaeological sites in order 
to enhance the typical methodology.  
The intensive development of image-based modelling in recent years has created a 
wide variety of applications which hold the potential to accelerate and improve 
traditional research methods. The contribution of Computer Vision algorithms such as 
Structure from Motion (SfM) have revolutionised traditional photogrammetry, 
allowing a quicker and more user-friendly workflow to produce 3D reconstructions, 
orthophotos and Digital Elevation Models (DEMs). Archaeology is one scientific 
discipline which particularly benefits from the application of digital photogrammetry 
for the purposes of documentation, reconstruction and dissemination. 
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Digital photogrammetry has been successfully applied to the documentation of 
archaeological layers for more than a decade (Pollefeys et al., 2000; Pollefeys et al., 
2001; and Cosmas et al., 2001). The development and proliferation, in recent years, of 
commercial software allowing largely automatic image processing has facilitated the 
successful application of digital photogrammetry to even large-scale excavation areas 
(De Reu et al., 2013; Dellepiane et al., 2013; Olson et al., 2013; De Reu et al., 2014; 
Stal et al., 2014). 
The application of digital photogrammetry to the documentation of historic standing 
buildings follows a long-standing tradition of the use of terrestrial close-range 
photogrammetry in architectural recording. Its high flexibility expanded the 
possibilities of recording and analysis of buildings, integrating 2D (orthophotos), 
2.5D (DEMs) and 3D (meshes) outputs. Orthophotos can be very effective in the 
recording of standing structures, since they provide a reliable photographic record of 
faces and a basis for traditional elevation drawings (Yastikli, 2007; Barsanti et al., 
2013). When generated from images acquired using UAV platforms, they can also 
incorporate close-range aerial imagery (Colomina and Molina, 2014; Balletti et al., 
2015). Moreover, section lines extracted from 3D meshes can be set in order to obtain 
profiles of the reconstructed structures (Green et al., 2014:177).  
Three-dimensional survey technologies, such as terrestrial laser scanner (TLS) and 
digital photogrammetry, are currently widely used in the recording of built heritage. 
Both techniques are highly reliable in both measurement accuracy and morphological 
analysis (Bayram et al., 2015; Galeazzi, 2016; Sapirstein, 2016; Teza, Pesci and 
Ninfo, 2016). TLS, along with other technologies, is often applied to the structural 
monitoring of archaeological sites (Peloso, 2005:214-218; Tapete et al, 2013). Digital 
photogrammetry, combined with other surveying techniques, has been widely applied 
to structural assessment (Arias et al., 2005; Arias et al., 2007; Sánchez-Aparicio et al., 
2015) and the recording of cracks in ancient masonry (Armesto et al., 2008; 
Alshawabkeh & El-Khalili, 2013). 
The extraction of masonry profiles from photogrammetric sources has been 
investigated by Fujii et al. (2009) to assess structural damage to archaeological 
buildings, assessing in this case the damage caused to the structures by weather 
erosion. 
Not surprisingly, both TLS and digital photogrammetry, along with other quantitative 
methods, have also been applied to earthquake effects analysis (Hinzen et al., 2011: 
32-34; Hinzen at al. 2013;  Schreiber et al., 2009 for instance) or, more broadly, to 
seismically damaged structures (see for instance Arrighetti 2015:142-152 for 
photogrammetry; Bertocci et al. 2015 for the application of TLS). In fact, the use of 
photogrammetry to document cultural heritage affected by seismic damage has a 
long-standing tradition. In Italy, for example, several photogrammetric campaigns 
were carried out for the purpose of documentation after the severe earthquakes which 
affected the Friuli Venezia Giulia region in 1976 (De Luca, 1987-1988; Foramitti, 
1977).  
The overall aim of this study is to evaluate, for the purposes of archaeoseismology, to 
what extent such methodologies can provide or facilitate (i) rapid but accurate records 
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of analysed archaeological contexts, (ii) three-dimensional reconstructions, (iii) the 
documentation of archaeological features by means of plans, sections, and elevations, 
and (iv) the extraction of additional information and data for archaeoseismological 
analysis.  
This paper draws on evidence from two case studies of the EU-funded ArMedEa 
project (Archaeology of Medieval Earthquakes in Europe, 1000-1550 AD; Forlin, 
Gerrard, Petley 2015). 
 
2. Material and method 
 
2.1 Case studies: Saranda Kolones (Cyprus) and El Castillejo (Spain) 
 
This study focuses on two case studies: (i) the crusader castle of Saranda Kolones 
(Paphos, Cyprus) and (ii) the Islamic fortified village of ‘El Castillejo’ (Guajar 
Faragüit, Granada, Spain) (fig. 1) 
 
El Castillejo – Guajar Faragüit (Granada, Spain) 
El Castillejo is a fortified village dating to the Islamic period built on the top of an 
isolated hill facing the village of Guajar Faragüit (Granada, Spain). The extent of the 
site (about 1.5 ha, 120 x 130 m) is delineated by a circuit wall with an integrated 
baluarte (fortified gate) on the western side (fig. 2A). 
 
Today, at least twelve buildings across the site are in a partially standing condition. 
Excavations undertaken by the University of Granada from the 1980s until 2001 
demonstrate that the site was occupied from the beginning of the 11th century to the 
mid-14th century (García Porras, A, 2001; Bertrand et al., 1990; Malpica et al., 1985; 
Malpica et al., 1986; Malpica and Cressier 1989). The buildings conform to a 
repeated plan of several rooms organized around a central patio with at least two 
floors. Standing walls were built in rammed earth, known locally as tapial, with 
foundations of stone masonry. The reason behind the abandonment of the village 
remains controversial (one possibility is that its desertion was caused by the Black 
Death;  Malpica and Cressier 1989), but, at some point during its occupation, possibly 
during the 13
th
 - early 14
th
 century, El Castillejo experienced a destructive earthquake. 
Seismic damage occurred across the site with a focus in the eastern area, which was 
almost completely destroyed and, unlike the rest of the site, never subsequently 
resettled. The western area survived the seismic event with minor damage, with clear 
EAEs recognisable in the surviving standing structures. Furthermore, in this area, a 
number of buildings and the circuit wall display evidence of the post event repairs 
through a later phase of tapial, of lower quality than the earlier phases, and the 
reemployment of spolia and material from the earlier period. The present study 
focuses on Building 4, a 5-storey dwelling measuring about 10m x 11m (fig. 2B). 
The central core of this structure consists of four massive walls delimiting an area of 7 
x 7 m. Three annexes were added to this central structure: a small room built along 
the eastern side, close to the entrance, and two other annexes flanking the southern 
side. These structures display a differential state of preservation. The walls of the 
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outer annexes are poorly preserved, as well as the walls delimiting the inner rooms of 
the building. By contrast, three out of the four structures delimiting the central part of 
the dwelling are still standing and reach a maximum height of 3.6m. The northern 
wall, by contrast, collapsed almost completely, and only the foundations terracing the 
surface downslope remain in situ. As a consequence of the state of preservation, 
earthquake archaeological effects are recognisable on walls 401 (western side), 405 
(eastern side), and 408 (southern side).  
Seismic damage consists of a variety of penetrative fractures such as horizontal, 
vertical and shear cracks with some evidence of the shifting of rammed earth blocks 
(fig. 3).  
Wall 408, the southern wall of Building 4, contains a huge penetrative, shear crack 
crossing the entire height of the structure. It can be observed as an individual feature 
on the external wall (408-south), but it is associated with minor (shear and vertical) 
cracks on the internal wall face (408-north). The western wall of the building (405) 
shows other, huge shear cracks associated –as in the case with 408- with vertical, sub-
vertical and sub-horizontal fractures. Wall 401, the structure’s western wall, preserves 
evidence of seismic damage represented by a composite network of vertical, sub-
vertical and horizontal fractures. The upper tapial block is displaced and rotated, a 
point which can be clearly observed from the external profile of the wall. As already 
mentioned, at some point the building’s northern wall (404) entirely collapsed, and no 
EAEs are recognisable on the in situ foundations. 
Saranda Kolones (Paphos, Cyprus) 
 
Saranda Kolones is a fortified crusader castle built at the beginning of the 13
th
 century 
to protect the harbour of Paphos (Cyprus) (Petre 2012). Soon after its construction on 
solid rock, in AD 1222, a violent earthquake razed the fortification to the ground. The 
seismic destruction of the castle was recorded in contemporary historical accounts 
(reported in Ambraseys 2009; Guidoboni and Comastri 2005) and is confirmed by 
archaeological evidence. Excavations carried out between 1957 and 1980s (Megaw 
1957, 1972, 1994; Rosser 1985, 1986) recovered extensive layers of destruction 
(comprising debris, fallen masonry and displaced blocks) and the presence of both 
human and animal victims beneath the rubble (Rosser 2004). 
 
The archaeological remains of the castle (fig. 4) are characterised by a concentric plan 
with (i) a pentagonal outer ward (about 75 m across) with rounded or polygonal 
corner towers and rectangular or wedge shaped interval towers, (ii) an inner 
rectangular ward (35m x 37m) with projecting, rectangular towers at each corner and 
a D-shaped tower in the centre of the eastern wall, (iii) an internal courtyard delimited 
by nine rectangular, massive pillars, three of them hosting a pair of latrines (Petre 
2012). Pillars’ bases are still preserved in situ up to a height of about 3 meters. Clear 
EAEs such as penetrative cracks, lateral displacements, tilting and wall detachments 
are still recognisable on a number of the castle’s structures.  
Our study takes into consideration the remains of two internal pillars, namely pillars 1 
and 2, corresponding with the structures located at the NW corner of the castle’s inner 
court (see fig. 4 for their locations).  
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Pillar 1 (Fig. 5) is a massive quadrangular structure (measuring 3.68m x 3.67m) 
hosting two opposing latrines on the north and south sides. Pillar 2 (Fig. 5) is a 
rectangular pillar measuring 3.47m x 2.15m connected to the castle’s kitchen along its 
northern face. Both structures are only partially preserved, their upper parts having 
collapsed as a result of the AD 1222 earthquake. The remains of pillar 1 reach a 
maximum height of 3.29m, while pillar 2 is only preserved up to 2.35m. One corner 
of pillar 1 appears to have been heavily restored by means of cobble stones. 
Despite the state of preservation of the pillars, EAEs are clearly visible throughout the 
structures. Pillar 1 is widely affected by sub-vertical cracks running across several 
courses of ashlar and masonry blocks. The latrines were also seismically-affected, 
with both the internal walls and toilet seats fractured by vertical cracks. The structure, 
as a whole, is deformed by vertical compression and, as a result of the vertical seismic 
loads, the structure’s faces are extruded in profile. Pillar 2 is poorly preserved, with 
only five courses of the structure remaining in situ. The pillar’s western and eastern 
faces show a collapse interface corresponding with a distinctive shear feature, with 
the surviving elements containing a shear fracture cross-cutting multiple courses of 
ashlar. This penetrative fracture is associated with a right-lateral displacement. 
 
2.2 3D reconstruction  
 
In order to assess the seismic damage preserved on the selected structures at El 
Castillejo and Saranda Kolones, both digital photogrammetry and 3D modelling 
software were employed. Digital photogrammetry has been devoted to in-field 
surveying, while 3D approaches were applied in the subsequent analysis phase. The 
photogrammetry phase was performed using Agisoft PhotoScan, while the 3D 
modelling phase was carried out using Rhinoceros 5. Digitalisation of the identified 
seismic features was then obtained with Adobe Illustrator CC. 
 
Photogrammetric Survey 
In order to record building 4 at El Castillejo, 535 photographs were taken. A high 
number of images was necessary to ensure the required overlap between different 
images, allowing high levels of detail in both meshes and textures. Once processed 
using PhotoScan, the resulting 3D mesh surface was composed of 1,291,748 faces and 
658,183 vertices. For the El Castillejo site, an overall number of 24 Ground Control 
Points (GCPs), using coded targets generated by PhotoScan, were set all around 
building 4; this allowed accelerated surveying operations and improved accuracy of 
the final georeferencing. GCPs were measured using a total station (TS), with local 
coordinates. The overall error estimated by the software is 0.015 metres. On-site 
activities (photographic documentation and GCPs measurement) required about 3 
hours.  
In the case of Saranda Kolones, separate photogrammetric projects were created for 
each pillar. For example, the model of pillar 1 was created from 238 images, resulting 
in a final mesh of 1,028,998 faces and 515,773 vertices; for pillar 2, 94 images were 
processed, producing a final mesh of 338,329 polygons and 182,895 vertices. The 
disparity in the number of input images between the pillars relates to the greater 
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geometric complexity and size of pillar 1. In this case, GCP coordinates were 
extracted from a TS survey of the entire archaeological site carried out in 2002-2003 
by  ‘The Saranta Kolones Excavations Project’ (surveyor: Richard Anderson; 
directors: John Hayes and Archibald Dunn, Centre for Byzantine, Ottoman and 
Modern Greek Studies, University of Birmingham). The photographic documentation 
of the two pillars required less than one hour.  
 
Images of structures from both sites were taken with a non-calibrated Nikon D5300 
SLR camera, equipped with a Nikkor 18-140 mm f/3.5-5.6G ED AF-S VR DX lens. 
 
Three-dimensional data extraction and analysis 
The three-dimensional surfaces produced through the photogrammetry process 
resulted in detailed and highly accurate models with which to perform advanced 
analysis.  
Digital Elevation Models (DEMs) were employed in order to enhance the damage 
patterns and deformations caused by seismic loads. The surfaces of wall 408 from El 
Castillejo and pillar 2 from Saranda Kolones were selected. The extraction of the 
DEMs required the original coordinates from the instrumental survey to be  processed 
in order to turn the selected vertical surfaces into horizontal ones. Raster files were 
automatically generated by PhotoScan after the upload of the new coordinates. 
 
As one of the main goals of the project was to record and recognize evidence of 
seismic damage directly on the structures, with particular focus on areas which were 
difficult to reach and observe in the field, a series of vertical and horizontal sections 
were extracted from the three-dimensional models. 
In order to do this, the meshes were imported into the modelling software Rhinoceros 
5. The meshes maintain their georeferencing parameters, meaning that no additional 
operations, such as roto-traslation or scaling, are required. In order to assess whether 
ancient seismic damage was detectable in the digital model, a series of section lines 
were set, in order to intercept those parts of the structures with a high density of 
visible cracks. These section lines were perpendicular to the mesh and parallel to each 
other. Once the direction of the section line is set, the software automatically extracts 
the relative section which runs over the entire surface, virtually slicing the built 
structures: this method allows the extraction of highly detailed sections (similar to 
those created through the processing of laser scan data) which are difficult to achieve 
through traditional survey techniques. 
The graphical outputs, i.e. sections, were laid out directly in Rhinoceros software and 
completed with measurements. 
 
3. Results  
3D reconstructions of the selected case studies were employed in order to enhance the 
archaeoseismological analysis by means of mesh and DEMs analysis, orthophoto 
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characterisation, plan and section extraction. Results are discussed below by case 
study.  
3.1 El Castillejo 
The 3D model produced through the methodology discussed above (Fig. 6) clearly 
reproduces the seismic damage observed in the field.  
Firstly, orthophotos extracted from the generated 3D model permit the shape and 
spatial organisation of the seismic cracks to be visualised. In particular, fig. 7 
illustrates the pattern of cracks visible on wall 408, allowing the penetrating nature of 
the damage as shown by the comparison between the inner, northern side and its 
reversed counter face to be appreciated.  
Secondly, in addition to the immediately noticeable complex pattern of seismic cracks 
within the photogrammetric output, the 3D model allows a detailed assessment of 
other, less obvious EAEs. These are revealed through the extraction of a series of 
section/profiles from the photogrammetric 3D mesh. These cracks, intersecting large 
adobe blocks and running horizontally at about 30 degrees from the horizontal 
(arrows), are evidence for the lateral shaking of the buildings, as a result of forces 
acting approximately perpendicular to the walls. 
Given the height of the surviving masonry and the mechanical characteristics of the 
construction techniques (rammed earth), several intersecting sections were set in order 
to assess the different types of damage. Two parallel vertical sections oriented from 
east to west (A-A’ and B-B’: fig. 8) were extracted from the mesh, as well as an 
additional pair of parallel sections oriented from north to south (C-C’ and D-D’; fig. 
9), intercepting the majority of the standing wall of the structure. A final horizontal 
section was set 2.1m from the ground. 
The vertical sections accurately reproduce the walls’ profiles, exhibiting detailed 
seismic damage. For example, section AA’ shows the profiles of cracks and a post 
hole on the upper part of wall 401 with another crack at the base of wall 407.  Section 
BB’, along with another two post holes, permits the clear identification of the outward 
displacement of the upper rammed earth block of wall 401 and a pattern of shear 
crack profiles in wall 405. [Section AA’, wall 401: west side, 1.5 cm; east side, 4.5 
cm. Section BB’, wall 401: west side, 4.5 cm (displacement). Section BB’, wall 405: 
west side, 9 cm; east side: 4.5 and 3.5 cm.] 
The north-south oriented sections CC’ and DD’ highlight the pattern of penetrative 
cracks in wall 408 as well as some very shallow damage in residual walls 402 and 
403. [Section CC’, wall 408: south side, 1.5 cm; north side, 0.5 cm. Section DD’, wall 
408: south side, 7 cm; north side, 7.5 cm.] 
Penetrative cracks are also visible in the profiles extracted from the horizontal 
sections (fig. 10) This is the case with walls 401 and 408, in which the many 
irregularities visible along the walls’ profiles correspond with the observed seismic 
cracks [Horizontal section, wall 408: north side, 7.5 cm]. Such profiles permit 
accurate measurements of the cracks within the standing structures to be taken. 
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Compared with measurements taken in the field, the dimensions of these cracks 
extracted from the 3D mesh are highly reliable. 
The understanding of the seismic damage pattern and its visualisation can also benefit 
from the extracted Digital Elevation Model (DEM). Fig. 11 and 12 show the DEM of 
the southern face of wall 408 visualised in hillshade and slope mode.  
From an archaeoseismological perspective, it has to be noted that penetrative cracks 
crossing more than one block associated with out-of-plane shifting suggest (according 
to the scale proposed by Rodríguez-Pascua et al., 2013) a minimum intensity value IX 
EMS98 (destructive). The damage observed by the excavators in the eastern part of 
the site, which went almost completely destroyed, confirm the assessment provide by 
the analysis of the still standing structures.  
 
3.2 Saranda Kolones 
The 3D reconstructions of pillar 1 and 2 from the Crusader castle at Saranda Kolones 
exhibit an impressive correspondence with the stone-by-stone instrumental survey 
gently provided by ‘The Saranta Kolones Excavations Project’. Vector contours 
plotted during that survey were then superimposed on the 3D photogrammetric 
reconstructions of the two pillars, confirming the accuracy of both outputs (Fig. 13). 
The overall error estimated by the software is 0.013 m for pillar 1 and 0.007 m for 
pillar 2. 
As in the case of El Castillejo, orthophotos offer an extremely useful method to map 
seismic damage across the different parts of the structures. This is shown in figure 14 
which displays the visible EAEs on the northern sides of pillar 1 and on the western 
side of pillar 2.  
The 3D meshes produced through photogrammetry of pillar 1 and 2 also facilitate an 
in-depth archaeoseismological analysis. Again, seismic damage such as shear and 
sub-horizontal cracks are clearly discernible within the 3D model. Figure 15, for 
instance, compares a close-up picture of a shear crack associated with lateral shifting 
in pillar 2 with the resulting 3D model. A series of parallel horizontal sections drawn, 
at different heights, through pillar 1 and 2 allow observation of the degree of cracking 
and displacement which have affected the structure. Sections A and B from pillar 2 
(fig. 16) show centimetre-scale displacement of masonry blocks on both sides of the 
structure at 0.25 m (A) and 1.10 m (B) above floor level. The displacement extracted 
from the 3D model (1.5 to 3.3 cm) corresponds with the misalignment measured in 
the field. The extracted DEM visualises the same displacement, enhancing the out-of-
plane shifting of the upper part of the pillar’s surviving structure. Fig. 17 shows the 
intrusion of the upper blocks on the eastern side and, on the other hand, the extrusion 
of the upper portion on its western side. This deformation augments upward and is 
clearly associated with the shear, penetrative fracture detectable on the structure. 
This evidence is highly significant, as deformation cutting across a pillar and the 
uniformity of deformation in adjacent pillars (the same effect was identified on Pillar 
1) are a certain indication of earthquake action. A displacement as minor as 1-4 cm 
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along fractures over more than 2 m width of the pillar seems hardly noteworthy. 
However, the uniform, right-lateral nature of the displacement - however small - in 
four, parallel pillar faces has a significant meaning: deformation was not random but 
systematic. The only force capable of acting on all four faces simultaneously is 
seismic shaking. Further archeoseismic features consist of a number of cracked 
masonry (single and multiple blocks, Figs 5, 13,15). Intensity grade VII is assigned to 
these deformations (Rodríguez-Pascua et al., 2013), whereas masonry blocks shifted 
perpendicularly to the wall (out-of-plane deformation; Figs 5, 13, 15) indicate an 
earthquake of minimum intensity IX EMS98 (very destructive). The massive 
destruction layers sealing the surviving structures of the castle corroborate this 
assessment. Eventually, 3D modelling makes it less likely that such small but 
significant features may be overlooked.  
 
4. Discussion 
In both case studies, photogrammetric reconstructions of the selected structures (i) 
support archaeoseismological analysis and (ii) provide additional information for the 
assessment of earthquake damage. As the initial meshes have been accurately 
georeferenced, the various outputs produced, i.e. prospects, orthophotos as well as 
horizontal and vertical sections, are both accurately scaled and fully measurable, 
while the different angles of the structural elements are clearly displayed and can be 
estimated through digital measurements. 
Orthophotos of elevations allow the accurate mapping of earthquake archaeological 
effects. This is particularly the case when comparing opposing faces affected by 
penetrative cracks. In short, orthophotos offer a reliable tool to assess the impact of 
seismic effects and to record and visually reproduce these features. 
Photogrammetric 3D meshes and DEMs permit the analysis to be advanced a further 
step forward. Profiles extracted from 3D models, for example, allow the accurate 
measurement of damage caused by seismic load, notably (i) the lateral displacement 
of masonry portions or tapial blocks and (ii) the depth and spatial organisation of the 
penetrative fractures. As shown, measurements extracted from the 3D reconstructions 
are consistent with those taken in the field. This means that archaeoseismological 
analysis can benefit from the analysis of 3D models through the accurate 
measurement of seismic damage, in particular those features which are difficult or 
impossible to access in the field (for example due to their height). Another positive 
aspect is the ability to set section lines through the most significant parts of a digital 
model as required. The lines can be set virtually at any point in the structure, 
regardless of real-world obstacles. Additionally, cracks and displacements are easily 
recognizable on masonry surfaces although the depth of penetration is often difficult 
to measure on structures much larger than a person. This kind of surveying is 
relatively cost-effective if compared to laser scanning, and can normally be carried 
out by a single operator in a reasonably short timeframe. As aforementioned, the on-
site activity took an overall period of about three hours at El Castillejo and one hour 
at Saranda Kolones. Ultimately, cracks organisation can also displayed three-
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dimensionally, showing the penetrative nature of the seismic fractures, as shown for 
wall 408 of Building 4 in El Castillejo (fig. 18).  
The level of detail obtained from the reconstructed three-dimensional models is 
remarkable and the measurements of the calculated damage appear highly reliable 
(see Table 1). Through our analysis, we can demonstrate the effectiveness of highly 
detailed photogrammetric reconstructions for the purposes presented in this paper. 
Regarding the seismic cracks and lateral displacements observed in our case studies, 
3D photogrammetry and modelling reduce the chance that such small but significant 
features might be overlooked. While relevant out-of-plane damage can also be easily 
recorded through traditional methods, small-scale and scattered damage are difficult 
to reproduce and are usually plotted on two-dimensional images. Moreover, even if 
cracks and other damage can be measured and assessed in the field, they can still be 
difficult to reproduce in traditional sections.  
Importantly, not all the EAEs detected on the structures discussed above have been 
reproduced by the digital models, namely superficial and small cracks which are also 
important to assess, although the textures produced have helped in their identification. 
Meshes should always be carefully checked since surface gaps due to missing data 
(such as portions of structures which are too high to be photographed) are often 
automatically filled by the software, reconstructing these parts in an inaccurate way. 
In addition, photogrammetric surveys should always be accompanied by a 
topographic survey as this allows accuracy to be confirmed and correct 
georeferencing. 
 
5. Conclusions 
The methodology discussed above demonstrates the high potential of 3D models in 
the display, detection and interpretation of structural irregularities. 
Furthermore, the results obtained from the analysis of three-dimensional structural 
models are promising and clearly illustrate the validity of these methods. The meshes 
produced were sufficiently detailed to record and highlight damage up to the order of 
a few centimetres. Wall morphology and damage can be reproduced not only using 
photographic textures, but also by DEMs and the mesh itself, allowing the extraction 
of vertical and horizontal profiles from structures where the effects of seismic damage 
can be clearly recognized.  
The resulting 3D images combined with traditional photographs allow the user to 
‘bring the site home’. Using these methods, many details can be observed and 
measured simply by looking at the computer screen, extending and enhancing a 
researcher’s ability to examine the site beyond the, often limited, time available in the 
field. 
 
Captions: 
Fig. 1. Map showing the location of the archaeological sites discussed in the text.  
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Fig. 2. El Casillejo, Guájar Faragüit (Granada, Spain). Aerial photo (© Google Earth) and 
general view of Building 4 from north-east.  
Fig. 3. El Castillejo. Seismic damage visible on the standing structures of Building 4.  
Fig. 4. Saranda Kolones (Paphos, Cyprus). Aerial view showing the location of pillars 1 and 2 
within the fortification (photo: ArMedEa project).  
Fig. 5. Saranda Kolones. Pillar 1 and Pillar 2 showing distinctive seismic damage.    
Fig. 6. El Castillejo, Building 4. Mesh and texturised mesh of the standing walls. 
Fig. 7. El Castillejo, Building 4, Wall 408. Orthophotos and vectorialised elevation of the 
seismic damage visible on the northern and southern (reversed) faces.  
Fig. 8. El Castillejo, Building 4. East-west oriented sections of the obtained mesh. Seismic 
damage is shown and emphasised by red circles. Block displacement and the depth of the 
penetrative fractures from the corresponding face are expressed in millimetres. 
Fig. 9. El Castillejo, Building 4. North-south oriented sections of the obtained mesh. Seismic 
damage is shown and emphasised by red circles. The depth of the penetrative fractures from 
the corresponding face are expressed in millimetres. 
Fig. 10. El Castillejo, Building 4. Horizontal section of the obtained mesh. Seismic damage is 
shown and emphasised by red circles. The depth of the penetrative fractures from the 
corresponding face are expressed in millimetres. 
Fig. 11. El Castillejo, Building 4, Wall 408 (south side). The extracted DEM (A) allows to 
appreciate the penetrative fractures when visualised in hillshade (B) and slope (C) mode.  
Fig. 12. El Castillejo, Building 4, Wall 408 (south side). Close-up of shear penetrative cracks 
visualised in hillshade (A) and slope (B) mode.    
Fig. 13. Saranda Kolones. Superimposition of the vector contours plotted by the ‘Saranta 
Kolones Excavations Project’ on the 3D photogrammetric reconstructions of the two pillars.  
Fig. 14. Saranda Kolones. Orthophotos and vectorialised elevation of the seismic damage 
visible on Pillar 1 (north face) and Pillar 2 (west face). 
Fig. 15. Saranda Kolones, pillar 2, western side. Comparison between a close-up of a shear 
crack associated with lateral shifting (A) with the resulting 3D model (B).  
Fig. 16. Saranda Kolones, pillar 2. Sections A2 and B2 showing centimetre-scale 
displacement of masonry blocks on both sides of the structure. The picture on the right 
records the out-of-plane shifting along the eastern side of the pillar.  
Fig. 17. Saranda Kolones, pillar 2. DEM of the east and west sides emphasising the seismic 
deformation of the structure. DEM is visualised by means of a slope visualisation overlaid by 
a colour ramp in transparency.  
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Table 1. Comparison between the measurements observed in the field and those 
extracted from the 3D meshes 
 
Context On-site 
measurements (mm) 
Mesh Extracted 
measurements (mm) 
El Castillejo   
Displacement of tapial block in wall 
401 
Not accessible 45 (section B-B’) 
Crack depth inner face wall 405 ~10 09 (section B-B’) 
Lower crack depth outer face wall 
405 
~20 35 (section B-B’) 
   
Saranda Kolones   
Pillar 2, lower displacement face W 23 25 
Pillar 2, higher displacement face W ~30 33 
Pillar 2, lower displacement face E 15 15 
Pillar 2, higher displacement face E ~28 27 
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